Cellular autophagy, a process that directs cytosolic contents to the endosomal and lysosomal pathways via the formation of double-membraned vesicles, is a crucial aspect of innate immunity to many intracellular pathogens. However, evidence is accumulating that certain RNA viruses, such as poliovirus, subvert this pathway to facilitate viral growth. The autophagosome-like membranes induced during infection with wild-type poliovirus were found to be, unlike cellular autophagosomes, relatively immobile. Their mobility increased upon nocodazole treatment, arguing that vesicular tethering is microtubule dependent. In cells infected with a mutant virus that is defective in its interaction with the host cytoskeleton and secretory pathway, vesicle movement increased, indicating reduced tethering. In all cases, the release of tethering correlated with increased amounts of extracellular virus, which is consistent with the hypothesis that small amounts of cytosol and virus entrapped by double-membraned structures could be released via fusion with the plasma membrane. We propose that this extracellular delivery of cytoplasmic contents be termed autophagosome-mediated exit without lysis (AWOL). This pathway could explain the observed exit, in the apparent absence of cellular lysis, of other cytoplasmic macromolecular complexes, including infectious agents and complexes of aggregated proteins.
Infection with lytic viruses, by definition, leads to the destruction of host cells. In fact, lysis often has been assumed to be the only mechanism by which nonenveloped viruses can exit infected cells, because usually they do not have access to the lumen of the host secretory pathway. Nevertheless, nonenveloped viruses have been observed in the extracellular milieu in the apparent absence of cell lysis. For example, hepatitis A virus, a small nonenveloped RNA virus of the Picornaviridae, can establish persistent infections with no visible cytopathic effect, yet it has been observed to spread from cell to cell in tissue culture and in infected liver (21) (reviewed in reference 24) . Poliovirus, also a picornavirus, can lyse cells in tissue culture and in infected animals. However, it also may be able to spread nonlytically: persistent infections of tissue culture cells have been reported to be associated with abundant poliovirus in the cell medium (41, 45, 46) . The interpretation of all of these experiments is plagued by the possibility that the lysis of a very few cells could go undetected yet lead to the presence of substantial virus in the extracellular medium. Some experimental support for a nonlytic cellular exit route for poliovirus has come from studies of infected polarized monolayers of Caco2 cells. Even when there was no apparent breach in the monolayer, based upon the maintenance of electrical resistance, progeny virions were observed in the medium facing the apical, but not the basolateral, surface of the intact monolayer (65) . Similar findings were reported for simian virus 40, a double-stranded DNA virus that assembles in the nuclei of infected cells (13) . These observations suggest that virus can be released nonlytically from the apical cell surfaces.
What kinds of processes in infected cells could give rise to nonlytic exit? Infection is known to lead to dramatic changes in the morphology and physiology of host cells visible by light and electron microscopy, classically termed the cytopathic effect. Within 3 to 4 h, cells infected with poliovirus accumulate large numbers of membranous vesicles (8) . Although the topology and origin of these membranes have been debated, the original micrographs of Dales et al. (14) and ultrastructural analysis performed by high-pressure cryofixation and freeze substitution to preserve membrane morphology (22, 54, 58) have shown that poliovirus-induced vesicles predominately are double-membraned structures with cytoplasmic contents. Singlemembraned vesicles could be induced in mammalian cells and in Saccharomyces cerevisiae by the expression of poliovirus proteins 2C and 2BC in isolation (3, 12, 63) , whereas both viral proteins 2BC and 3A were required to induce the formation of double-membraned vesicles (58) . By 5 or 6 h, several hours before the lysis of most cells, infected cells begin to lose attachment to the substratum, and the cellular microtubule and intermediate filament networks collapse (17, 39) . The cytoskeletal alterations are dramatic (29) ; curiously, however, cytoskeletal integrity was found to have no effect on the intracellular yield of poliovirus (16) .
The double-membraned vesicles that accumulate during poliovirus infection resemble, in many respects, double-membraned cellular autophagosomes, which envelop cytosolic contents to target them for autophagic degradation (reviewed in references 31, 34, 40, and 44 tion of the amounts of autophagy proteins Atg12 and LC3 via RNA interference treatment led to a decrease in the yield of intracellular virus (27) , supporting the idea that components of the autophagy pathway are subverted by poliovirus to benefit viral growth. Prompted by the finding that the reduction of autophagy proteins LC3 and Atg12 decreased the amount of extracellular virus even more than intracellular virus (27) , we have suggested that the viruses within the cytoplasmic lumena of double-membraned vesicles are released into the extracellular milieu (27, 33, 62) . Here, we provide evidence that the association of virus-induced vesicles with the microtubule network can modulate the extracellular release of poliovirus. These findings strengthen the argument that the autophagosomal constituents contribute to the nonlytic viral release and reveal a potential pathway for its control.
MATERIALS AND METHODS

Cells and viruses.
Human H1 HeLa cells were cultured as monolayers in Eagle's minimum essential medium (E-MEM) supplemented with 10% (vol/vol) calf serum, 100 U of penicillin/ml, and 100 U of streptomycin/ml at 37°C and 5% CO 2 . Poliovirus type 1 Mahoney and 3A-2 (7) viruses were propagated from an infectious cDNA plasmid (47) , as has been previously described (15) .
Plasmids and transfections. The green fluorescent protein (GFP)-LC3 expression plasmid used here has been described previously (27) . Transfections were carried out using Effectene (Qiagen) according to the manufacturer's instructions. GFP-LC3 was assayed 1 to 2 days posttransfection.
Viral infections and drug treatments. Infections were performed as described previously in 60-mm tissue culture dishes (27) . For extracellular analysis, viruses were absorbed to cells for 30 min in phosphate-buffered saline (PBS) containing MgCl 2 and CaCl 2 , washed twice in medium, and then refed with 4 ml of medium. For extracellular virus, aliquots of medium were collected at appropriate time points, any floating cells were collected by centrifugation for 3 min at 1,000 ϫ g, and supernatants were analyzed by plaque assay. For intracellular virus, cells were scraped into 1 ml of PBS supplemented with 1 mM each calcium and magnesium chloride and lysed by freeze-thaw, whereupon cytoplasmic extracts were prepared by centrifugation. Tamoxifen and nocodazole (Sigma) were dissolved in 1:1 dimethylsulfoxide (DMSO)-ethanol and added to cells in fresh medium. The mock-treated controls were treated with equivalent volumes of 1:1 DMSO-ethanol and received similar medium changes and washing treatments. Tamoxifen treatments were for 48 h at a final concentration of 10 M and were continued through the infection. Nocodazole was added at final concentrations of 5 or 15 M, as indicated, immediately following viral absorption. Both concentrations of nocodazole caused the complete disruption of microtubule networks, as visualized by immunofluorescence (data not shown).
Cell viability staining. Cells were harvested by scraping, washed with PBS, and resuspended in 1 ml PBS. Cells then were stained for 30 min with 1 ml Live/Dead reagent (Invitrogen, Carlsbad, CA) at 4°C. Following staining, cells were washed, fixed in freshly made 4% paraformaldehyde, and analyzed on a FACScan flow cytometer (Becton Dickinson).
Microscopy and immunofluorescence. For live imaging, H1 HeLa cells were grown in 8-well LabTek coverslides (NUNC) in E-MEM supplemented with 0.2 M HEPES. Transfection with GFP-LC3 plasmid was performed with Effectene (Qiagen) according to the manufacturer's directions, and cells were observed 48 h after transfection. Images were captured every 5 s for a 5-min period on a Zeiss Axiovert 200 M microscope with Openlab 5.0.1 software. Cells for microtubule staining were fixed in 20°C methanol for at least 5 min. A monoclonal murine antibody to ␣-tubulin (T-9026; Sigma) was used at a 1:100 dilution in PBS-BT (PBS with 3% bovine serum albumin and 0.1% Triton X-100) for 30 min at room temperature. Cells were washed three times in PBS-BT, and anti-mouse secondary antibody (SC-2084; Santa Cruz) was added at a 1:250 dilution. Cells were washed again in PBS-BT and stained in 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 100 ng/ml in PBS) for 2 min. Cells were washed again and mounted under Vectashield (Vector Labs) and imaged on a Zeiss Axiovert 200 M microscope with Openlab 5.0.1 software.
Quantitation of movement. The movement of GFP-LC3 puncta was quantified manually by measuring the displacement of individual punctum from sequential frames taken every 5 s. Distances were quantified using the Openlab software and calibrated using a stage micrometer. The distances between displaced puncta were measured only when an obvious and unique spot of similar morphology could be identified after the 5-s interval; if puncta appeared or disappeared between frames, they were not quantified. Measurements were made from the point closest to the relative center of each punctum. For each experiment, a minimum of 200 spots was quantified to achieve the median plotted values. Calculation of significance values was done using a one-way analysis of variance or a pairwise t test analysis provided by GraphPad Prism 5.0 software.
RESULTS
Movement of poliovirus-induced vesicles in live infected
cells is restricted by the microtubule network. To investigate whether poliovirus-induced vesicles, like autophagosomes, move within cells by a microtubule-dependent mechanism, we compared the mobility of bona fide autophagosomes induced by tamoxifen, an inducer of autophagy (10) , to that of poliovirus-induced vesicles. To identify autophagosomal structures, H1 HeLa cells were transfected with a plasmid that encodes GFP-LC3. LC3 originally was identified as being microtubule associated and, in the absence of lipidation or autophagy induction, is localized in the cytosol. Upon the induction of autophagy, however, LC3 is a specific marker of autophagosomes, recruited to double-membraned vesicles from its cytoplasmic location via the addition of phosphatidylethanolamine to its C terminus (25, 60) . As shown in Fig. 1A , numerous bright spots of GFP-LC3 fluorescence can be seen in H1 HeLa cells treated with tamoxifen to induce autophagy. These punctate, GFP-LC3-containing structures were highly motile. Typical trajectories are shown by green tracings, with the locations of starting and finishing indicated for those puncta that could be followed during a 5-min period. Hundreds of other randomly chosen 5-s displacement measurements from the same cells are plotted in Fig. 1E and F. Approximately 60% of bona fide autophagosomes (Fig. 1A) were found to display movement during any given 5-s interval (Fig. 1F) , with a median displacement of 0.36 m (Fig. 1E) . The observed displacements can be seen more dramatically when viewed as movies (see the supplemental material) and confirm previous reports of autophagosomal movement induced by starvation or rapamycin (18, 28, 32, 35) .
In cells infected with poliovirus, the GFP-LC3-containing puncta were surprisingly motionless. Figure 1B of randomly selected puncta during the 5-min observation period. More than 80% of the puncta observed showed no detectable displacement (Fig. 1F ). The median displacement of 200 different puncta was 0.03 m per 5-s interval (Fig. 1E ). This immobility was somewhat relieved by treatment with 5 M nocodazole (Fig. 1C) , which increased the median displacement observed per 5-s interval sixfold, to 0.18 m (Fig.  1E) , and increased the percentage of motile GFP-LC3-containing structures from 10 to 30%. Figure 1D shows the movement and localization of GFP-LC3 in mock-treated H1 HeLa cells. This pattern also was slightly punctate, although these puncta were less numerous and less bright than those observed during autophagy or poliovirus infection. It has been shown previously by us and others that LC3-GFP puncta in untreated cells do not colocalize with LAMP-1 or correlate with LC3 lipidation (2, 27) , and presumably they represent cytoplasmic aggregates. In any case, the mobility of these GFP-LC3-containing structures (a median of 0.19 m per 5-s interval) was considerably reduced from that of bona fide autophagosomes ( Fig. 1A ) and considerably increased from that of the puncta in poliovirus-infected cells (Fig. 1B) . We conclude that the GFP-LC3-containing membranes in poliovirus-infected cells are immobilized relative to either cellular autophagosomes or cytoplasmic constituents, and this immobilization is due to direct tethering to microtubules or is dependent on microtubule integrity via indirect means. Nocodazole treatment increases extracellular virus release by a mechanism that does not correlate with toxicity. We have surmised that the double-membraned topology of poliovirusinduced vesicles can promote the nonlytic release of this nonenveloped, nominally lytic virus by entrapping cytosolic poliovirions within their lumena late in infection (27, 33) . The relative immobility of the poliovirus-induced vesicles (Fig. 1 ) thus came as a surprise and suggested the possibility that microtubule integrity regulates the nonlytic release of such membrane-trapped virions. To test this hypothesis, we performed a time course to monitor the accumulation of extracellular virus in the absence and presence of 5 M nocodazole. As shown in Fig. 2A , very little extracellular virus was observed as late as 4.5 h postinfection either in the absence or presence of nocodazole. However, by 6 h postinfection, a fivefold increase in extracellular virus was observed in cells treated with nocodazole, while mock-treated infected cells showed no increase in the yield of extracellular virus.
The presence of increased amounts of extracellular virus at 6 h postinfection, a time point much earlier than the expected lysis of infected cells, could have resulted from the increased nonlytic release of small amounts of virus from many cells or from the premature lysis of a few infected cells. To test whether the enhanced amount of extracellular virus in the presence of 5 M nocodazole correlated with any cytotoxicity, we analyzed the intracellular and extracellular yield of poliovirus in the absence and presence of nocodazole at a higher nocodazole concentration. The presence of either 5 or 15 M nocodazole did not significantly affect the amount of intracellular virus (Fig. 2B) . However, large increases in the amount of extracellular virus were observed in the presence of both 5 and 15 M nocodazole (Fig. 2C) . To test whether these concentrations of nocodazole increased the amount of cell death in infected cells, a fluorescent dye that stains only cells with permeabilized membranes (Live/Dead; Invitrogen) was used to monitor cell viability by flow cytometry. The treatment of cells with the DMSO-ethanol solvent control solution did not affect cell viability (Fig. 2D) . Neither of two nocodazole concentrations affected the viability of infected (Fig. 2E) or uninfected (Table 1) cells. Therefore, the increased extracellular yield of poliovirus in the presence of nocodazole ( Fig. 2A, C) did not correlate with observable cell toxicity or death.
Changes in microtubule distribution during infection with wild-type and 3A-2 mutant poliovirus. Alterations in cytoskeletal morphology during poliovirus infection have been documented for decades (17, 29, 39) . Changes in the structure of the microtubule network in poliovirus-infected cells can be seen through the use of an antibody directed against tubulin. During wild-type infection, the morphology of the microtubule network remained indistinguishable from that of uninfected cells until 9 h postinfection, at which time most infected cells displayed a ring of collapsed microtubules encircling the nucleus. The mechanism for this late loss of microtubule integrity is not known.
The only poliovirus protein that has been reported to have any direct interaction with the cytoskeleton is nonstructural protein 3A (36) . Two-hybrid experiments have revealed a number of potential cellular-interacting partners for this 87-aminoacid protein, including LIS-1, a component of the dynactin complex involved in dynein-dependent motion along microtubules (36). The nuclear magnetic resonance structure of the soluble, amino-terminal 59 amino acids of 3A protein (57), missing only the hydrophobic region near its carboxyl terminus that is required for membrane association (64) , is shown in Fig.  3A . Residues 20 to 57 were shown to form two ␣-helices that engage in dimeric contacts, while the 19 amino-terminal residues of each monomer were found to be natively unstructured (57) . The addition of a single Ser residue between amino acids 12 and 13 of poliovirus 3A protein yields a mutant virus known as 3A-2 (7). At 37°C, the conditions of these experiments, only a slight growth defect was observed for the 3A-2 mutant virus relative to the growth of the wild-type virus. Nevertheless, altered interactions with host cells were seen in which neither the pronounced inhibition of host protein secretion displayed by wild-type virus (15) nor the physical interaction with GBF-1, a host protein known to be involved in protein traffic (5), was observed.
To determine whether the microtubule collapse observed for wild-type poliovirus-infected cells was similar in cells infected with 3A-2 mutant virus, parallel infections were examined at identical time points (Fig. 3B) . In mutant virus-infected cells, microtubule collapse was observed 2 h earlier than that in wild-type virus-infected cells, at 7 instead of 9 h postinfection. These data suggest either that a wild-type function of 3A protein that is defective in the 3A-2 mutant virus actively stabilizes microtubules during poliovirus infection, or that the mutant infection creates a more destabilizing environment.
Nocodazole-enhanced release of extracellular virus release is bypassed during infection with 3A-2 mutant virus. To explore any further effects of the 3A-2 virus mutation on microtubule function during poliovirus infection, we investigated the early release of extracellular virus from cells infected with 3A-2 mutant poliovirus. As in wild-type virus-infected cells, little extracellular virus was observed until 6 h postinfection. How-ever, unlike wild-type virus-infected cells, the amount of extracellular virus observed in 3A-2 virus-infected cells was not affected by treatment with 5 M nocodazole (Fig. 4A) . This effect can be seen in direct comparison to data for wild-type virus in Fig. 4B , in which the increase in extracellular virus upon treatment with 5 mM nocodazole for wild-type, but not 3A-2 mutant, virus infections can be seen readily. The increase in extracellular 3A-2 virus relative to the growth of the wild- Table 1 .
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at SERIALS CONTROL Lane Medical Library on November 24, 2009 jvi.asm.org type virus in the absence of nocodazole is especially surprising, given that the intracellular yield of 3A-2 mutant virus was reduced compared to that of wild-type virus (Fig. 4C) . Time courses of infection with both wild-type and 3A-2 viruses, performed in both the absence and the presence of nocodazole, showed no differences in the amount of cell death between 3A-2 virus-infected and wild-type virus-infected cells, or in the presence or absence of nocodazole, at any given time postinfection (Table 1 ). This argues that the increase in extracellular virus during 3A-2 virus infection and during the treatment of wild-type virus-infected cells with nocodazole was not due to increased cell death. Therefore, the increase in extracellular virus and the nocodazole independence of that extracellular virus in 3A-2 mutant virus-infected cells might reflect the altered cell biology of infection by mutant and wild-type viruses.
Mobility of membranous vesicles induced during 3A-2 mutant virus infection.
To test whether the microtubule-dependent tethering of GFP-LC3-containing membranes was altered in cells infected with 3A-2 mutant poliovirus, we compared the mobility of these structures in wild-type and mutant virusinfected cells at 5 h postinfection, a time point immediately preceding the increase in extracellular virus observed in 3A-2 virus-infected cultures (Fig. 4A) . Representative trajectories of GFP-LC3-containing puncta in wild-type and 3A-2 virus-infected cells are displayed in Fig. 5A and B. Figure 5C shows the quantitation of the movies that are available in the supplemental material. In these movies, GFP-LC3-containing puncta were found, as in Fig. 1 , to be nearly immobile in wild-type poliovirus-infected cells, displaying median displacements of only 0.03 m per 5-s interval. However, most of the GFP-LC3-containing vesicles in 3A-2 virus-infected cells were highly motile, with median distances of 0.32 m per 5-s interval (Fig. 5 C,  D) , which are comparable to the displacements shown by GFP-LC3-containing structures upon tamoxifen treatment (Fig. 1) . This finding further strengthens the observed correlation between the release of the microtubule-dependent tethering of a The percentage of inviable cells was determined by fluorescence-activated cell sorting after the incubation of cells with Live/Dead stain to assay plasma membrane permeability (Invitrogen, Carlsbad, CA). Asterisks indicate data for which fluorescence-activated cell sorting plots are shown in Fig. 2 .
GFP-LC3-containing vesicles formed during poliovirus infection and the extracellular release of infectious virus.
DISCUSSION
Poliovirus-induced membranous vesicles and cellular autophagosomes are similar in several respects, including their double-membraned topology, cytoplasmic lumena, and decoration by LAMP1 and lipidated LC3. In this paper, we describe another similarity: their association with cellular microtubules. Bona fide autophagosomes traffic in an anterograde direction along the microtubule network using cytoplasmic dynein as a motor, promoting their fusion with lysosomes and subsequent maturation into autolysosomes. In addition, the microinjection of antibodies directed against LC3 results in the immobilization of autophagosomes via microtubule attachment (32). This is not entirely surprising, as LC3 originally was identified as a microtubule-associated protein (37) . Several enveloped viruses, especially those that infect neurons such as pseudorabies virus (19, 42) , traffic in a retrograde direction along microtubules to facilitate cell exit by budding (48, 56) . In contrast, we found that poliovirus-induced vesicles are nearly immobilized within infected cells by a mechanism dependent on the integrity of microtubules and the wild-type function of viral protein 3A. Although the mechanism for this attachment is not yet known, viral protein 3A is known to bind directly to LIS1 (36), a component of the dynein/dynactin complex whose abundance affects dynein motor function and microtubule network morphology (55) .
Previously, we demonstrated that the integrity of the autophagy pathway is beneficial for poliovirus replication, and autophagy pathway function correlates with a disproportionately large increase in extracellular poliovirus as early as 5 to 6 h after infection (27) . Therefore, we suggested that the doublemembraned topology of autophagosome-like vesicles facilitated the extracellular, nonlytic release of cytosolic contents such as poliovirus particles. Here, we have shown that poliovirus-induced vesicles are nearly immobilized during infection. The destruction of the integrity of the microtubule network with nocodazole increased the mobility of poliovirus-induced vesicles and, concomitantly, the amount of extracellular virus. Infection with a mutant virus, 3A-2, which contains a singleamino-acid insertion in its natively unstructured N-terminal domain, also increased both the mobility of the LC3-containing membranes and the amount of extracellular virus released. Interestingly, the median mobilities of the GFP-LC3-containing puncta in wild-type poliovirus-infected cells in the presence of nocodazole (Fig. 1 ) and in 3A-2 virus-infected cells (Fig. 5) are very similar, strengthening the argument that both of these GFP-LC3-containing structures were moving independently of microtubules. That the amount of extracellular 3A-2 virus released was insensitive to nocodazole also supports the hypothesis that the wild-type function of 3A protein is required to tether the poliovirus-induced vesicles to intact microtubules. We propose that the nonlytic escape of cytoplasmic constituents is facilitated by the unusual double-membraned topology of autophagosome-like membranes and is controlled by their microtubule-binding properties. We further propose that this novel pathway be termed autophagosome-mediated exit without lysis (AWOL) (Fig. 6 ).
For any instance of the release of cytoplasmic material in the absence of apparent cell lysis, it is difficult to determine whether the release resulted from the lysis of a few cells or the leakage of many cells. The inspection of the cytoplasmic contents of the double-membraned vesicles induced by poliovirus between 4.5 and 6 h postinfection (14, 54) reveals that as many as one-third of the hundreds of virus-induced double-membraned vesicles in each cell contained a few virions in the entrapped cytosol. We need to explain the presence of approximately 10 4 infectious virus particles in the extracellular milieu ( Fig. 2A) . If these were released by the lysis of a few cells, given that each infected HeLa cell harbors from 100 to 1,000 infectious virions under these conditions (W. Jackson, data not shown), from 10 to 100 cells would have to have lysed. In contrast, if all of the extracellular virus was leaked from the 100,000 cells on the plate by AWOL, assuming a particle/PFU ratio of 100, then each cell would have, on average, leaked very few particles, approximately 10 virus particles per cell. In the presence of nocodazole, the 75,000 infectious virus particles released ( Fig. 2A) would correspond to the leakage of 70 particles per cell. Thus, to provide a significant amount of extracellular cytoplasmic material, events of fusion between double-membraned vesicles and the plasma membrane would not need to be frequent. In this study, several lines of evidence indicated that the extracellular virus observed during poliovirus infection did not derive exclusively from lysed cells. As the concentration of nocodazole increased from 5 to 15 M, the release of virus did not increase. In addition, infection with 3A-2 mutant virus yielded consistently more extracellular virus than wild-type virus. Neither nocodazole treatment nor 3A-2 virus infection increased the amount of measurable cell death over that observed in wild-type poliovirus infection. Finally, if the increase in extracellular virus in 3A-2 mutant virus-infected and in nocodazole-treated cells both resulted from increased cell lysis, one would expect these cytotoxic effects to be additive. Instead, nocodazole treatment had no effect on the amount of extracellular 3A-2 mutant virus, arguing that these two perturbations affect the same pathway.
The release of cytosolic material by mechanisms that do not involve the canonical secretory pathway or apparent cell lysis has been most convincingly argued for Theiler's virus (53) but also has been suggested for hepatitis A virus, simian virus 40, rotavirus, Cryptococcus neoformans, and aggregated ␣-synuclein and huntingtin proteins (1, 4, 21, 30, 38, 51) . In many of these cases, autophagomes or autophagy-related proteins have been found in the vicinity of the enigmatically released material. Specifically, proteins that are prone to aggregation, such as ␣-synuclein, tau, and huntingtin, are found frequently within autophagosomes, and autophagy is crucial for the clearance of such aggregates (23, 26, 49, 50, 66) . The cytoplasmic membranes associated with poliovirus RNA replication contain both LAMP-1 and LC3 (27) , those associated with rotavirus particle formation contain LC-3 (6), and the membranes that surround maturing Cryptococcus neoformans before cell egress contain LAMP-1 (1). While aggregated proteins or even Cryptococcus cells might be targeted to the cytoplasmic lumen of an autophagosome, it is more difficult to explain how intact poliovirions are found there. The membranous vesicles induced during poliovirus infection have been shown by many elegant studies from the FIG. 6 . AWOL. Autophagosome-like membranes formed during viral infection can interact with viral particles in different ways. Early in infection, the cytosol enveloped by the double membranes is not likely to contain infectious virions. Later in infection, however, newly formed double-membraned vesicles may or may not contain virions in the cytoplasmic lumen. The viral 3A protein is shown in red and is meant to represent all of the viral proteins in the RNA replication complex. In cells infected with wild-type poliovirus, the virally induced vesicles are tethered to microtubules by a mechanism that is dependent on the wild-type function of viral protein 3A; whether or not this contact is direct is not known. We propose that the occasional fusion of autophagosome-like vesicles with the plasma membrane is not favored by this tethering, which can be disrupted either by depolymerizing microtubules or by the 3A-2 mutation in the 3A protein. Finally, the hypothesized release of virus in the lumenal compartment can occur either before or after fusion with endosomal or lysosomal organelles, which then will cause the release of either membrane-enclosed or free virus. (8, 9, 11) . Therefore, it would be expected that newly synthesized virions are found free in the cytoplasm of infected cells. This is, in fact, the location of most viral progeny, which can become so concentrated as to form crystalline arrays within the cytosol; however, small numbers of viral particles also have been observed within the cytoplasmic lumena of double-membraned vesicles (14, 27, 54) . The most parsimonious explanation of this surprising topology is that double-membraned vesicles that form late in infection can sequester cytosol that contains virions (Fig. 6) .
One of the most interesting aspects of cellular autophagosomes is their unusual topology: having enveloped the cytosol, they accumulate degradative enzymes via fusion with vesicles from the endocytic and lysosomal pathways. Lipases and protease are thought to degrade the inner of the two membranes, whereupon the double-membraned autophagosome matures to the single-membraned autolysosome (reviewed in reference 43). This event accomplishes the topological conversion of cytosol to lumen. As depicted in Fig. 6 , the exit of cytosolic contents by AWOL could occur from the fusion of singlemembraned autolysosome-type vesicles, releasing the formerly cytoplasmic constituents directly into the extracellular milieu, or from the fusion of double-membraned autophagosome-type membranes, which could release cytoplasmic contents in small packets enclosed by a single membrane likely to be unstable outside the cell. For poliovirus, we do not yet know the physical state of the membranes involved in the postulated nonlytic release of virus. Double-membraned vesicles are observed throughout poliovirus infection, suggesting that infection induces a block to their maturation. These double membranes are known to acquire late endocytic markers such as LAMP-1, and the physical integrity of the ultrastructurally observed inner membrane is not known. Outside poliovirus-infected cells, small, single-membraned structures that contain virions and LC3 occasionally have been observed (27, 65) .
What would be the advantage to a virus of anchoring its RNA replication complexes to the microtubule network of the cell? First, it is possible that the binding of the virus-induced vesicles to microtubules is incidental to the block in protein secretion induced by viral protein 3A. Although the role of microtubules in endoplasmic reticulum-to-Golgi traffic is a matter of some debate, it is possible that the roles of 3A protein in inhibiting protein transport and in LC3-containing vesicle immobilization are intertwined. Second, anchoring the autophagosome-like vesicles along the microtubule network may be a mechanism to prevent their maturation and fusion with lysosomes (18, 35) . A similar block in autophagosome maturation was identified in Legionella (59); bacteria that replicate within membranes that bear autophagosomal markers secrete a factor that delays fusion with lysosomes and subsequent degradation (20) . Finally, it may be important to control structures, such as double-membraned vesicles, that allow viral dissemination. Viral release by AWOL could be minimized during infection by tethering the vesicles to microtubules and then allowed when microtubules break down under natural circumstances such as the end of infection, the entry of the infected cell into mitosis, or a change in differentiation state. The mechanism by which poliovirus can exit cells in the absence of lysis, and the regulation of this mechanism, is likely to be relevant to other apparently nonlytic release events, such as the escape of other cytosolic microbes such as Cryptococcus and hepatitis A virus or the spread of aggregated cytoplasmic proteins through tissues.
